Insulin receptor substrates (IRSs) are a family of intracellular proteins that integrate and coordinate hormone, cytokine, and growth factor signaling. To date, four IRS proteins (IRS-1 to IRS-4) have been identified (27) . All IRSs contain multiple tyrosine phosphorylation sites that act as binding sites for SH2-containing proteins (27) . The IRS proteins were first identified as substrates and presumed signaling intermediates of the insulin receptor. However, it is now clear that the IRS proteins can be activated and phosphorylated by a number of other signaling pathways, including those that are critical for mammary gland development, such as growth hormone and prolactin (2, 56) .
Much research has focused on the roles of IRSs in both metabolic and mitogenic signaling; however, the last several years have seen an emergence of literature implicating IRSs in human cancer. IRS-1 is constitutively active and phosphorylated in many tumors (6) . IRS-1 levels are increased in patients with pancreatic cancer (1) , and both IRS-1 and IRS-2 levels are increased in patients with hepatocellular cancer (3, 36) . We previously reported that high IRS-1 levels are associated with poor outcomes for patients with breast cancer (25, 41) , and this is supported by further studies showing that IRS-1 is expressed in patients with primary breast cancer and metastases, and its levels correlate with poor differentiation and lymph node involvement (22) . One study, however, found that IRS-1 levels in advanced primary breast cancers were reduced compared to breasts from healthy patients (44) .
The mouse mammary gland has served as a useful area for the identification and characterization of oncogenes and tumor suppressor genes important in human breast cancer (15) . For example, transgenic mice overexpressing the HER-2 oncogene develop mammary cancer with biological and phenotypic variances similar to those observed in human breast cancer patients (23) .
To date, there have been no reports on the transforming abilities of IRSs in vivo. To address this, we have examined the effects of IRS overexpression in vitro and in vivo. We found that IRS-1 was constitutively activated when overexpressed in cell lines, and this resulted in disruption of immortalized mammary epithelial cell acinus morphogenesis. Furthermore, transgenic mice that overexpressed human IRS-1 or IRS-2 in the mammary gland showed progressive mammary hyperplasia, tumorigenesis, and metastasis. Tumors showed a unique histopathology consisting of numerous differentiated cell lineages, expansion of putative progenitor cells, and extensive squamous differentiation, phenotypes commonly seen with activation of ␤-catenin. Consistent with this, IRS proteins were found to bind ␤-catenin in vitro and in vivo. This is the first study to show that IRSs are oncogene proteins in vivo, and it strengthens the growing literature suggesting that IRSs are critical signaling adaptor proteins in tumorigenesis.
MATERIALS AND METHODS

Materials.
General materials and chemicals were purchased from Sigma (St. Louis, MO) unless otherwise noted. All tissue culture reagents were purchased from Life Technologies (Carlsbad, CA) unless otherwise stated.
Plasmid construction. Human IRS-1 cDNA was excised from pCMV-His-IRS-1 (48), human IRS-2 cDNA was excised from pLTR-IRS-2 (51), and both were subcloned into pSK. Human IRS-1 and human IRS-2 in pSK were tagged on the C terminus with a hemagglutinin (HA) epitope (YPYDVPDYAS) by PCR. For IRS-1, we PCR amplified a 0.8-kb C-terminal fragment and added the HA tag by using forward (5Ј GCTGCTAGCATTTGCAGGCCTAC-3Ј) and reverse (5Ј-TTAAGCTTCTAGCTGGCGTAGTCGGGGACGTCGTAGGGG TACTGACGGTCCTCTGGCTGCT-3Ј) primers. The same 0.8-kb fragment in IRS-1 was then replaced with the HA-tagged PCR product by restriction digestion. For IRS-2, we PCR amplified a 0.7-kb C-terminal fragment and added the HA tag by using forward (5Ј-TTGACGTCGGGCGTGAAGAGGCT-3Ј) and reverse (5Ј-TTAAGCTTCTAGCTGGCGTAGTCGGGGACGTCGTAGGGG TACTCTTTCACGATGGTGGCCTCC-3Ј) primers. The HA-tagged IRS-1 and IRS-2 were sequence verified in both directions and did not contain any alterations compared to the wild-type sequence. For eukaryotic expression, HA-IRS-1 and HA-IRS-2 were subcloned into pcDNA3.1(Ϫ). To target the expression of the human IRS transgenes to the mammary gland, we placed HA-tagged human IRS-1 or human IRS-2 under the control of the mouse mammary tumor virus (MMTV) promoter (Fig. 1A) . The MMTV transgenic construct has been described previously (31) . For generation of retroviral plasmids, HA-IRS-1 and HA-IRS-2 were subcloned into pLNCX2.
Cell culture, retrovirus production, and establishment of stable cell lines. The immortalized human mammary epithelial cell line MCF10A was cultured as described previously (11) . Retrovirus was generated by transfection of pLNCX2-HA-IRS-1, pLNCX2-IRS-2, or pLNCX2 plasmid into PT67 packaging cells (BD PharMingen, San Diego, CA) by using Lipofectamine reagent (Life Technologies). Supernatant was harvested 48 h after transfection, and MCF10A cells were plated on 60-mm dishes the day before infection and were infected for 48 h with MCF-10A-HA-IRS-1 (middle panels), and MCF-10A-HA-IRS-2 (bottom panels) clones stained with nuclear stain TOPRO3 (panels 1 to 3), Ki67/TOPRO3 (panels 4 to 6), GM130/TOPRO3 (panels 7 to 9), and laminin V/TOPRO3 (panels 10 to 12). VOL. 26, 2006 IRS-1-AND IRS-2-INDUCED MAMMARY TUMORIGENESIS 9303 1 ml of the supernatant containing retrovirus encoding HA-IRS-1 and HA-IRS-2 and empty vector (pLNCX2) as a control. Infected cells were selected with 100 g/ml neomycin (Sigma) 48 h after infection, and individual clones were isolated 10 days later. The overexpression of the IRSs was confirmed by HA immunoblot analysis, and multiple individual positive clones were pooled together to rule out clonal artifacts. These clones were named MCF-10A-HA-IRS-1 and MCF-10A-HA-IRS-2. For the control clones, isolated individual clones (n ϭ 5) were pooled together (vector-MCF-10A).
Monolayer growth assay. For growth curve experiments, cells were plated in 12-well plates at a concentration of 25,000 cells/well and the day after cells were plated was designated day 0. For the measurement of cell numbers under serumfree conditions, cells were changed with serum-free medium (SFM) at day 0. Cell numbers were counted every 2 days by using a Coulter Z Series Counter (Beckman).
Cell stimulation and proliferation assay. Cells were plated into 6-cm petri dishes at 0.5 ϫ 10 6 cells per plate in growth medium and were grown for 24 h. Cells were subsequently starved in SFM for 24 h and afterwards stimulated with either vehicle or insulin-like growth factor I (IGF-I; 100 ng/ml; GroPep, Adelaide, Australia) for 15 min. Cell proliferation was performed by plating cells at 2 ϫ 10 4 cells per well in 24-well plates, and triplicate wells were counted daily using a Coulter Counter.
3D Matrigel culture. MCF-10A cells were grown in Matrigel as acini as described previously (11) . For nuclear staining, the acinar structures were fixed in 2% paraformaldehyde at room temperature for 20 min. Fixed structures were washed three times in phosphate-buffered saline (PBS) for 10 min each. Nuclear staining was performed by incubation for 15 min with PBS containing 5 M TOPRO-3 (Molecular Probes) before structures were mounted with the antifade agent VECTASHIELD (Vector). Confocal analyses were performed with Nikon Eclipse E1000 confocal microscopy system.
Generation of MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice. All procedures were conducted in accordance with the NIH Guide for the Care and Use of Laboratory Animals (http://www.nap.edu/readingroom/books/labrats/) and were approved by the IACUC of Baylor College of Medicine. Mice were maintained on a 12-h light, 12-h dark schedule with ad libitum access to laboratory chow and water. To generate transgenic mice, a linearized XbaI-SalI fragment of the MMTV-HA-IRS-1 or MMTV-HA-IRS-2 transgene (devoid of vector sequences) was microinjected into fertilized one-cell FVB/N embryos. Transgenepositive pups were identified by PCR on tail DNA. The primers for MMTV-HA-IRS-1 consisted of a forward primer in IRS-1 (5Ј-GCTGCTAGCATTTGC AGGCCTAC-3Ј) and a reverse primer in the HA tag (5Ј-CGTAGTCGGGGA CGTCGTAG-3Ј) to give a PCR product of ϳ800 bp, and those for IRS-2 consisted of a forward primer (5Ј-TTGACGTCGGGCGTGAAGAGGCT-3Ј) and the same reverse HA primer as that for HA-IRS-1 to give a product of ϳ700 bp. The PCR conditions for IRS-1 transgenic mice were 39 cycles at 94°C for 20 s, 64°C for 30 s, and 72°C for 1 min. For IRS-2, the PCR conditions were 34 cycles at 94°C for 20 s, 60°C for 30 s, and 72°C for 1 min. Of the 40 pups born, PCR of genomic DNA from tail isolation revealed five HA-IRS-1 transgenic founder lines and two HA-IRS-2 transgenic founder lines. Founders were bred with wild-type FVB/N mice to generate female mice and were then screened for HA expression by immunoblotting of mammary gland lysates at 10 days of lactation. The transgenic line containing the highest expression of HA-IRS-1 and HA-IRS-2 was chosen for further study. Whole-mount preparations were performed on inguinal mammary glands as described previously (26) .
Immunofluoresence. Mammary tumors frozen in OCT were sectioned (8 m) and fixed in cold acetone for 10 min. Sections were washed in PBS and blocked with 10% normal goat serum for 1 h. Sections were then incubated in primary Sca-1 antibody (catalog no. 557403; BD PharMingen, San Diego, CA) at a 1:100 dilution (room temperature) for 1 h, washed for 5 min three times with PBS, and then incubated in goat anti-rat Texas Red at room temperature for 1 h. Sections were washed for 5 min three times with PBS and mounted with mounting medium with DAPI (4Ј,6Ј-diamidino-2-phenylindole) (catalog no. H-1200; Vector Laboratories).
Analysis of MTTF. The median times to tumor formation (MTTF) of 20 wild-type mice and 20 transgenic mice were analyzed by weekly palpation. For multiparous studies, mice were bred at 6 weeks of age and left to continually breed and nurse pups for 21 days. Pregnancies were noted, and after female mice had eight pregnancies, they were separated from males. The date when tumors were palpated was recorded. When tumors reached approximately 1,000 mm 3 , mice were injected with BrdU 2 h prior to sacrifice. Tumors were harvested, and a representative part was cut for histological analysis; one was part frozen in OCT, and the rest was snap-frozen in liquid nitrogen and kept in Ϫ80°C until further analysis. In addition, we harvested all of the other mammary glands. If they did not contain mammary tumors, one gland was frozen in OCT, one was fixed in paraformaldehyde (PFA), and one was snap-frozen in liquid nitrogen. Lungs were divided in half; one-half was fixed in PFA, for detection of metastases, and one-half was frozen in liquid nitrogen.
Histological analysis. Serial sections (5 m thick) were placed on Superfost Plus slides (Fisher Scientific, Fair Lawn, NJ), deparaffinized, and gradually hydrated, and immunohistochemistry was performed for mouse cytokeratin 6 (K6) (1:5,000; Covance, Berkeley, CA), cytokeratin 14 (K14) (1:10,000; Covance, Berkeley, CA), TROMA-I (keratin 8 [K8]) (1:100; Developmental Studies Hybridoma Bank, University of Iowa, Iowa City, IA), HA (1:100; Covance, Berkeley, CA), and ␣-smooth muscle actin (SMA) (1:9,000; Sigma, St. Louis, MO). K8 and SMA mouse mammary gland antibody stainings were carried out using a Vectastain ABC peroxidase immunodetection kit (rat immunoglobulin G [IgG] ) and an M.O.M. immunodetection kit, respectively (both purchased from Vector Laboratories, Burlingame, CA). For the detection of lung metastases, sections were cut at intervals of 100 m through one half of the lung and all sections were stained by hematoxylin and eosin (H&E) and then examined microscopically. We scored lungs positive for lung metastases if they contained lesions that contained more than 100 cells. All lesions were stained for HA by immunohistochemistry (IHC).
Immunoblotting and IP. Mammary glands and cells in culture were lysed in TNESV buffer as described previously (26) . We used the following phosphospecific antibodies at the indicated dilutions: p-IGF-IR, 1:500 (Cell Signaling Technology, Beverly, MA); p-IRS-1, 1:1,000 (Biosource International, Inc., Camarillo, CA); p-Akt, 1:1,000 (Cell Signaling Technology, Beverly, MA); p-ERK1/2, 1:1,000 (Cell Signaling Technology, Beverly, MA); IGF-IR (Cell Signaling Technology, Beverly, MA) and IRS-1, 1:1,000 (Upstate Group, Inc., Lake Placid, NY); Akt, 1:1,000 (Cell Signaling Technology, Beverly, MA); extracellular signal-related kinase 1/2 (ERK1/2), 1:5,000 (Upstate Group, Inc., Lake Placid, NY); and ␤-catenin, 1:1,000 (BD Biosciences). For immunoprecipitation (IP), 750 g of cell lysate was precleared by protein G-agarose beads (Zymed Laboratory, San Francisco, CA) and then incubated with 7.5 g of HA or ␤-catenin antibodies overnight at 4°C. The beads were washed with the lysis buffer described above three times and resuspended in protein sample buffer before the immunoprecipitation protein was subjected to immunoblotting. Antirabbit or anti-mouse antibodies (Amersham Biosciences, Piscataway, NJ) were used as a secondary antibody. Blots were developed using the enhanced chemiluminesence procedure (Pierce Biotechnology, Inc., Rockford, IL) and images were acquired and densitometrically analyzed using an Alpha Innotech 7700 instrument.
Statistical analysis. Time to tumor formation was analyzed using the method of Kaplan and Meier (using Prism software), and survival curves were compared using the log rank test.
RESULTS
Overexpression of IRS-1 or IRS-2 enhances Akt and ERK1/2 phosphorylation and disrupts MCF-10A acinus morphogenesis.
The immortalized and nontumorigenic mammary epithelial cell line MCF-10A has been used extensively to examine the effects of various oncogenes on acinus formation in 3D Matrigel culture. Oncogenes have been shown to disrupt acinus formation by deregulating proliferation, survival, and cell polarity. We next generated retroviruses encoding HAtagged human IRS-1 and IRS-2, infected MCF-10A cells, and selected stable HA-positive clones that were subsequently pooled (Fig. 1A) . IRS-encoding virus-infected cells contained the HA protein and had overexpressed levels of IRS-1 or IRS-2 in their respective cell lines compared to endogenous levels expressed in empty vector controls. Overexpression of IRS-1 or IRS-2 in MCF-10A cells had little effect upon phosphorylation of ERK1/2 or Akt of cells in SFM; however, when stimulated with IGF-I, MCF-10A-HA-IRS-overexpressing clones showed an increased ability to phosphorylate Akt (Fig.  1A) . Surprisingly, overexpression of IRS-1 also enhanced IGF-I-stimulated ERK1/2 phosphorylation, but this didn't occur with IRS-2 (seen with three individual stable transfectants). IRS-overexpressing MCF-10A cells showed enhanced growth Generation and characterization of MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice. We previously established that IRS protein levels (but not mRNA levels) are dramatically influenced by developmental and hormonal signals that perpetuate normal mammary gland development (26) . This, coupled with the fact that IRSs are hyperphosphorylated in breast cancer (6) and that high levels signify a poor prognosis (25) , prompted us to examined the effect of IRS overexpression on mammary tumorigenesis and metastasis. We generated transgenic mice by using HA-tagged human IRS-1 or IRS-2 and utilizing the MMTV promoter ( Fig. 2A) . We obtained five founder mice for MMTV-HA-IRS-1 and two for MMTV- HA-IRS-2 and examined transgene expression by immunoblotting mammary gland lysates at 10 days of lactation (Fig.  2B ). HA protein was detected only in the MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice, and immunoblotting for total IRS proteins indicated that IRS-1 was overexpressed approximately 5-fold and IRS-2 was oxerexpressed 10-fold compared to endogenous levels in wild-type mice (Fig. 2B) . Transgene expression was also readily detectable (albeit at a lower level than in the lactating gland) in mammary gland lysates from 6-week-old virgin mice (data not shown), and expression was highly specific for the mammary gland (Fig.  2C) . We next used IHC to determine the localization of the HA-tagged transgene expression (Fig. 2D through K) . Terminal-end buds (TEBs) from both MMTV-HA-IRS-1 (Fig. 2D) and MMTV-HA-IRS-2 ( Fig. 2E ) transgenic 6-week-old virgin mice showed strong HA staining; however, the staining was punctate and nonuniform. HA staining was weak in the cap cell layers of MMTV-HA-IRS-1 transgenic mice, whereas it was more prominent in the cap cells of the TEBs in MMTV-HA-IRS-2 transgenic mice. As expected, we did not see any HA staining in the mammary glands of wild-type mice, confirming the specificity of this signal (data not shown). Similar to the case with TEB expression, mature ducts showed intense nonuniform staining in both MMTV-HA-IRS-1 (Fig. 2F) and MMTV-HA-IRS-2 ( Fig. 2G ) transgenic 6-week-old virgin mice. Mammary glands from mice midpregnancy showed intense HA staining that was then present in all epithelial cells and hence showed a more uniform pattern of staining ( Fig. 2H  and I ). Quantitation of induction (n-fold) by using immunoblotting revealed an approximately fivefold induction of HAtagged transgene expression in both MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice (data not shown). The intensity of staining increased further during lactation (data not shown). Mammary glands from mice following involution showed staining for HA in ducts from both MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice ( Fig. 2J and K ), but the staining was then present in all cells of the duct.
Overexpression of IRS-1 or IRS-2 causes mammary hyperplasia. We first examined the effect of HA-IRS-1 or HA-IRS-2 overexpression on normal mammary gland development and function. Analysis of ductal development from 4 to 12 weeks of age, pregnancy, and lactation indicated no obvious alterations either histologically or by whole-mount analysis (data not shown). Indeed, an analysis of lactational capacity performed by cross-fostering a fixed number of CD-1 mice and recording daily litter weight gain showed no effect of IRS overexpression during the first 10 days postpartum (data not shown).
We next examined the ability of overexpression of HA-IRS-1 or HA-IRS-2 to cause preneoplastic mammary hyperplasia. Whole-mount analysis of mammary glands from virgin mice at 24 weeks of age indicated ductal hyperplasia as a result of IRS-1 (data not shown) or IRS-2 ( Fig. 3A to D) overexpression. In MMTV-HA-IRS-2 transgenic mice, these early lesions displayed a unique characteristic, in that cells appeared to bridge across ducts at regular intervals (Fig. 3A) or simply represented the filling of terminal ducts (Fig. 3B) . The bridging was evident across whole sections of ducts and was found in the glands of 4/5 mice studied and was never present in the glands of wild-type mice (0/5). Sectioning and histological analysis of these bridged areas showed the presence of cells across the whole duct (Fig. 3C) , which was confirmed on multiple serial sections (data not shown). The area of the duct where the cells (Fig. 3C ). In addition, cross sections of ducts also showed luminal filling (Fig. 3D) . By 52 weeks of age, virgin mice showed an increase in the number of small lesions in the gland in both IRS-1 (data not shown)-and IRS-2 ( Fig. 3E and F)-overexpressing mice. When mice were bred continuously (multiparous), we observed extensive squamous metaplasia (Fig. 3G ) and lesions that resembled mammary intraepithelial neoplasia (Fig. 3H) . When mice were more than one year old, whole-mount analysis of virgin mice showed multiple tumors not only per mammary gland but in multiple glands in both IRS-1 and IRS-2 (Fig. 4A ) transgenic mice. To determine the penetrance of mammary tumor formation, we used palpation to measure MTTF in multiparous (IRS-1 and IRS-2) and virgin (IRS-2) transgenic mice compared to age-matched controls. Multiparous HA-IRS-1 transgenic female mice showed palpable mammary tumors beginning at 72 weeks of age and with an MTTF of 92 weeks (P ϭ 0.002) (Fig. 4B) . Multiparous HA-IRS-2 transgenic female mice showed more rapid tumor formation with an MTTF of 68 weeks of age (P Ͻ 0.001) (Fig. 4C) . Multiparous HA-IRS-2 transgenic female mice developed tumors significantly faster (MTTF, 68 weeks) than virgin mice (MTTF, 95 weeks) (P Ͻ 0.001) (Fig. 4D) , probably due to the hormonal stimulation of MMTV transgene expression during pregnancy and lactation. We did not examine tumor formation in virgin MMTV-HA-IRS-1 transgenic mice due to the long MTTF in multiparous mice. Similar to authors of previous reports (e.g., reference 53), we did detect a few mammary tumors in aged wild-type FVB/N mice (4/60), and we found extensive pituitary hyperplasia and hyperprolactinemia (data not shown), particularly in multiparous wild-type FVB/N mice.
IRS-1 is constitutively phosphorylated in transgenic mice, and tumors show elevated levels of p-Akt and p-ERK1/2. To decipher the mechanism whereby IRSs caused tumorigenesis, we examined the effect of IRS overexpression on downstream signaling. Mammary glands from transgenic MMTV-HA-IRS-1 mice at 10 days of lactation were harvested and lysates examined for activation of HA-IRS-1. Immunboblotting of whole mammary gland lysates with a total anti-pY antibody revealed a prominent band at ϳ185 kDa that was present in transgenic mice but not in wild-type control littermates (Fig.  5A) . Immunoblotting for total IRS-1 levels confirmed that IRS-1 levels were increased in the transgenic mice; however, the intensity of staining and migration of the total IRS-1 mirrored those of the total pY, suggesting that these are the same proteins. Immunoprecipitation with HA antibodies followed by anti-pY immunoblotting confirmed that the HA-tagged In addition, mammary tumor formation was significantly increased due to parity in IRS-2 transgenic mice compared to age-matched virgin controls (D). The P value for MTTF was calculated by the log rank test by using the Prism computer program. There were 20 mice in each group.
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on February 23, 2013 by PENN STATE UNIV http://mcb.asm.org/ IRS-1 was constitutively phosphorylated, and this correlated with a constitutive association with the p85 subunit of phosphatidylinositol 3-kinase. IRS-1 immunoblotting upon the HA immunoprecipitation confirmed the immunoprecipitation of HA-tagged IRS-1. Despite the constitutive activation of IRS-1, we were unable to detect an increase in p-Akt or p-ERK1/2 (data not shown). We therefore examined whether the mammary gland of MMTV-HA-IRS mice would be sensitized to a bolus intravenous injection of either insulin or IGF-I. Therefore, wild-type, MMTV-HA-IRS-1, and MMTV-HA-IRS-2 mice midlactation were intravenously injected with a single bolus of either insulin (50 g) or IGF-I (50 g), and Akt and ERK1/2 activation levels were measured. Insulin caused a ϳ5-fold increase in phosphorylation levels of both ERK1/2 and Akt in wild-type mice compared the phosphylation level in mice with a saline injection. In contrast, IGF-I caused only a two-to threefold increase in phosphorylation of Akt and didn't affect ERK1/2. IGF-I or insulin activations of ERK1/2 and Akt were essentially similar in wild-type and IRS-1 and IRS-2 transgenic mice, with no apparent sensitization to either ligand.
Immunoblotting of tumors and mammary glands revealed HA expression and tyrosine phosphorylation of the HA-tagged IRSs (data not shown). ERK1/2 and Akt are well-characterized pathways downstream of IRSs and both showed increased phosphorylation in IRS-1 and IRS-2 tumors compared to mammary glands from the same transgenic mouse that didn't contain a tumor (Fig. 5B) . The induction of p-ERK1/2 was seen in all IRS tumors examined, while the induction of Akt was noted in 60% of tumors.
Histology of MMTV-HA-IRS-1 and MMTV-HA-IRS-2 mammary tumors. We had predicted, based upon IRSs acting downstream of growth factor receptors, that HA-IRS-1 and HA-IRS-2 mammary tumors would consist mainly of solid adenocarcinomas similar to those seen following overexpression of other growth factor receptor signaling proteins, such as PyMT, ras, and ErbB2 (5). In stark contrast to this, both HA-IRS-1 and HA-IRS-2 mammary tumors exhibited a spectrum of histological patterns ( Table 1) . Examples of the types of histologies observed in MMTV-HA-IRS-2 ( Fig. 6 ) and MMTV-HA-IRS-1 (data available upon request) are shown. Only 40% of IRS-1-induced tumors and 20% of IRS-2-induced tumors exhibited a solid nodular adenocarcinoma histology with myoepithelium or squamous metaplasia absent (Fig. 6A) . Sixty percent of IRS-1 transgenic animals and 80% of IRS-2 transgenic animals had tumors exhibiting highly differentiated characteristics with ductal architecture (Fig. 6B to D and F) and/or less-differentiated tumors without ductal structure (Fig.  6E ). IRS-2-induced tumors noticeably were pilar tumors that had distinguishing shaft-like neoplastic ducts consisting of keratin swirls (Fig. 6C and F) and papillary tumors, which exhibited defined cords of branched ductal architecture (Fig. 6B) . The highly differentiated tumors had dense stroma with lymphocytic infiltrates (Fig. 6C and F) , frequent keratinization ( Fig. 6C and F) , and/or glandular acinus formation with lactating properties (Fig. 6D) . Extensive squamous differentiation was a characteristic histological pattern noted in the majority of the IRS tumors. Overexpression of IRS-1 did result in one specific tumor type that was not found in IRS-2 transgenic mice and was classified as a spindle cell tumor (Fig. 6E) . Mammary tumors from both IRS transgenic lines were diploid, highly proliferative, and uniformly estrogen receptor and progesterone receptor negative (data not shown).
We compared the histologies of our IRS tumors with mammary tumors from transgenic mice that overexpressed a constitutively active IGF-I receptor (upstream signaling of IRS) in the mammary gland (4). We found that tumors from MMTV-CD8-IGF-IR mice also displayed dense stroma, frequent keratinization (Fig. 6G) , and branched ductal architecture with glandular acinus formation, lactation (Fig. 6H) , and only infrequent solid undifferentiated adenocarcinomas. 
MMTV-HA-IRS-1 and MMTV-HA-IRS-2 transgenic mice develop metastases.
We examined the metastatic potential of MMTV-HA-IRS tumors by examining lungs from mice when tumors had reached 1,000 mm 3 . Metastatic lung tumors (Fig.  6I) were observed in 33% of IRS-1 transgenic mice (1 of 3) and 40% of IRS-2 transgenic mice (10 of 25). These lung tumors presented characteristics of the primary tumor (Fig. 6J) , and all stained positive for HA by IHC (data not shown). The percentage of mice showing metastases is probably an underestimate, given that we surveyed lungs only every 100 m and we examined only half of the lung.
Expansion of putative mammary progenitor cells in MMTV-HA-IRS tumors. Overexpression of IRSs resulted in tumors with unexpected histological phenotypes. Previous studies have shown that tumor phenotype can be predicted by the transgene that is overexpressed (5) . Following this theme, MMTV-HA-IRS tumors were similar to tumors generated by overexpression of activators of the canonical wnt/␤-catenin signaling pathway (33, 42) which often show multiple differentiated cell lineages. As illustrated in Fig. 7A to D, highly differentiated IRS-1 tumors stained positive for the myoepithelial/myofibroblast marker ␣-SMA (Fig. 7A) , myoepithelial cell marker K14 (Fig. 7B) , and the luminal epithelial marker K8 (Fig. 7C) . Likewise, highly differentiated IRS-2 tumors were positive for the same epithelial markers (data not shown). In contrast, adenocarcinomas arising in IRS-1 and IRS-2 transgenic mice were positive only for K8 and did not express K14 or ␣-SMA (data not shown). Highly differentiated IRS-1 (Fig. 7D) and IRS-2 (data not shown) tumors stained positive for the putative mammary progenitor cell marker K6. This staining represents an expansion of this cell population within the tumor, as wild-type mammary glands expressed very few K6-positive cells (data not shown). Additionally, differentiated IRS-2 tumors stained positive for the putative progenitor cell marker stem cell antigen-1 (SCA-1) (Fig. 7E) , whereas adenocarcinomas induced by MMTV-HER-2 showed little or no SCA-1 staining (Fig. 7F) . Thus, IRS tumors correlate with a class of tumors defined by expansion of putative progenitor cells and differen- IRS proteins functionally interact with the ␤-catenin signaling pathway. Given the unique nature of the IRS tumors and the potential role for wnt/␤-catenin in this phenotype, we examined a possible synergism between IRS and ␤-catenin signaling in vitro and in vivo. We therefore first examined levels of ␤-catenin and its downstream targets (cyclin D1 and c-myc genes) in IRS tumors (Fig. 8A) . We observed a striking increase in ␤-catenin protein levels in IRS-2 ( Fig. 8A) and IRS-1 (data not shown) mammary tumors. In addition, we found increased levels of the ␤-catenin target cyclin D1 and c-myc genes. Immunoblotting for K8 showed equal levels of both epithelial cell content and protein, and this was also confirmed with ␤-actin.
IRS-1 has recently been reported to bind and activate ␤-catenin (7), and so we performed coimmunoprecipitation assays to determine if this occurred in vivo and then in vitro.
Reciprocal immunoprecipitation using ␤-catenin or HA antibodies revealed an association between the two proteins in both IRS-1 and IRS-2 tumors (Fig. 8B) . We confirmed the specificity of these interactions by using control IgG (data not shown) and also by confirming the lack of interaction in cell lines that did not contain HA-IRS protein (Fig. 8C) . We next investigated whether the interaction between HA-IRS and ␤-catenin existed in MCF-10A-HA-IRS-1 and MCF-10A-HA-IRS-2 clones. A similar association was confirmed (and absent in control MCF-10A cells), and the association of HA-IRS with ␤-catenin was decreased and virtually eliminated following IGF-I stimulation (for 24 h) (Fig. 8C) . The interaction was confirmed by ␤-catenin immunoprecipitation followed by HA immunoblotting (data not shown), and specificity was also confirmed by immunoprecipitation with control IgG.
Chen et al. reported an IGF-I-stimulated association between IRS-1 and ␤-catenin which was associated with translocation of IRS-1 to the nucleus (7). Immunofluoresence of HA-IRS in the MCF-10A stable transfectants showed that approximately 5% of HA-IRS-1 and HA-IRS-2 was present in the nucleus; however, this level was unchanged following IGF treatment (data not shown). Despite this lack of IRS movement, MCF-10A cells overexpressing IRS-1 or IRS-2 showed elevated levels of the ␤-catenin target cyclin D1 gene levels, even though levels of cyclin A and B genes were unaltered (Fig. 8D) .
DISCUSSION
In this study, we show for the first time that both human IRS-1 and IRS-2 are oncogenic when overexpressed in vivo. We also found that IRS-1 overexpression led to disruption of MCF-10A acinus morphogenesis. Transgenic mice overexpressing human IRS-1 or IRS-2 in the mammary gland showed progressive mammary hyperplasia, tumorigenesis, and metastasis. Mammary tumors from these mice showed mixed histologies with evidence for expansion of putative mammary progenitor cells. Consistent with this, IRSs were found to interact with ␤-catenin, an important regulator of stem/progenitor cell fate, and levels of ␤-catenin target c-myc and cyclin D1 genes were increased in both IRS-1 and IRS-2 mammary tumors. This is the first study to show that IRSs are oncogenes in vivo, and it highlights the growing literature that IRSs are critical signaling adaptor proteins in tumorigenesis.
The ability of IRSs to cause mammary tumorigenesis is intriguing, given that IRSs are signaling adaptors that have no intrinsic kinase activity and require upstream signals for activation and function. Indeed, mammary-specific overexpression of the signaling adaptor Grb2 failed to cause mammary tumors, and Shc overexpression resulted in very rare (7%) mammary tumors (54) . In addition, overexpression of CrkL using its own promoter caused rare tumors in aged mice only and also didn't support a role for these adaptors as oncogenes in vivo (18) , despite evidence that these genes can transform cell lines in vitro (46) . Our study therefore highlights the importance of confirming transformation assays using in vivo model systems. One explanation for the oncogenic action of the IRSs maybe that they are able to signal to unique pathways compared to Grb2, Shc, and CrkL or that the IRSs are normally active in the mammary gland and, thus, when overexpressed, can sensitize these same pathways. Consistent with this is our observation that IRS tumors showed elevated Akt and ERK1/2 phosphorylation, and this was also noted to occur in MCF-10A-HA-IRS-1 and MCF-10A-HA-IRS-2 clones. Supporting this observation, transgenic overexpression of IRS-1 in the liver resulted in constitutive activation of phosphatidylinositol 3-kinase and ERK1/2, which resulted in enhanced DNA synthesis and greater liver mass (55) . The fact that IRS-1 is constitutively phosphorylated in the transgenic mice is important, given the similar observation for a number of different cancers (6) , and that high levels of IRS-1 confer a poor prognosis in breast cancer (25) . The reason for the constitutive phosphorylation of IRSs is currently unclear. It is possible that the IRSs are actually rate limiting in concentration and that overexpression sensitizes cells to upstream signals that are already active in the cell. This hypothesis is consistent with studies showing that IRS-1 overexpression (49) and loss (37) have dramatic effects in MCF-7 cells, whereas overexpression of its upstream activator, IGF-IR, has very minor effects. An alternative model for constitutive activation of IRSs is that they may cause reverse activation of their upstream signaling intermediates by causing receptor dimerization or oligomerization.
Overexpression of IRS-1 and overexpression of IRS-2 either in vitro or in vivo gave relatively similar phenotypes, despite previous evidence that the IRSs show overlapping but unique and nonredundant functions. For instance, studies with IRS-2 indicate a major role in cell motility (20) and invasion (47) which has been confirmed in vivo with genetic deletion of IRS-2, but not IRS-1, impeding metastasis of PyMT-induced mammary tumors (35) . Surprisingly, in our studies, we found that overexpression of IRS-1 and overexpression of IRS-2 gave similar phenotypes in vitro and in vivo, and thus far, we have been unable to identify unique actions attributable to either. Indeed, the only difference we noted was that IRS-1 sensitized MCF-10A cells to IGF-I-stimulated ERK1/2 activation, whereas IRS-2 failed to cause a similar sensitization. Despite this, both IRS-1 and IRS-2 enhanced MCF-10A proliferation and disrupted morphogenesis, suggesting that both of these events are independent of ERK1/2. We did note that MMTV-HA-IRS-2 transgenic mice did show a shorter MTTF; however, comparison of the two different transgenic lines is hazardous, given potential differences in transgene integration sites, cell-specific expression levels, and transgene levels. In particular, an expression of IRSs in cells that didn't initially contain endogenous IRSs may have disrupted normal cell physiology. Importantly, however, we found that both IRS-1 and IRS-2 tumors were able to metastasize. It should be noted, however, that there were only three IRS-1 mammary tumors from which we could analyze metastasis. Further, more-detailed studies are under way to determine if there is a difference between IRS-1 and IRS-2 metastatic capacities; however, it is clear that IRS-1 mammary tumors can metastasize.
The time to form mammary tumors in IRS-1 and IRS-2 transgenic mice is relatively long, and this suggests a multistep process involving other cooperating oncogenes. Mouse mammary tumors pathology can be used to classify tumors according to the oncogenic pathways that have been activated (5) . Thus, oncogenes from growth signaling pathways produce solid undifferentiated adenocarcinomas, whereas oncogenes that activate the canonical wnt/␤-catenin signaling pathway produce well-differentiated tumors that contain both luminal and myo- (33, 42) . It has been hypothesized that this difference in tumor pathology is due to the ability of the growth factor pathways to transform cells that are committed to luminal epithelial differentiation, whereas wnt signaling may transform early progenitor cells that contain bipotent differentiation capability (Fig.  6F ) (29) . Consistent with this, wnt-1-derived tumors show expansion of putative progenitor cells that are not seen in ErbB2-driven tumors (30) . In characterizing MMTV-HA-IRS-1 and MMTV-HA-IRS-2 tumors, we found that both sets of tumors showed similar pathologies which resembled those of wntactivated tumors and not those of ErbB2-driven tumors. Consistent with this, we found multiple cell lineages and an expansion of both K6-and SCA-1-positive cells. Interestingly, during these studies, we also reported on the development of mammary tumors in transgenic mice that overexpress an activated IGF-IR in the mammary gland (4). These mice also developed tumors that showed both luminal and myoepithelial cells (K14 positive), squamous transdifferentiation, and expansion of K6-positive cells, thus phenocopying the IRS tumors. Mammary tumors arising from overexpression of des(1-3)-IGF-I in the mammary gland also revealed a propensity for high differentiation (papillary tumors), squamous transdifferentiation, and keratinization (17) , and tumors arising from IGF-II overexpression also showed squamous components (39) . Together, these data show that hyperactivation of IGF signaling via overexpression of ligands (IGF-I and IGF-II), receptors (IGF-IR), or downstream signaling intermediates (IRS-1 and IRS-2) causes highly differentiated tumors characterized by frequent squamous differentiation. We found that, consistent with a mammary tumor phenotype indicating activation of the ␤-catenin signaling pathway in mammary transformation, IRSs could directly bind ␤-catenin, and IRS tumors showed an increased number of ␤-catenin target c-myc and cyclin D1 genes, a hallmark of tumors overexpressing a dominant active ␤-catenin (32a). Recent in vitro studies have shown that IGF-IR and IRSs may regulate the wnt/␤-catenin signaling pathway. For instance, IGF-I has been shown to phosphorylate, stabilize, or cause nuclear translocation of ␤-catenin in colon (38) , melanoma (43) , and prostate cancer cells (52) . In some systems, this regulation of ␤-catenin is associated with Tcf/Lef activity (12) and increased levels of ␤-catenin target genes (34) . The regulation of ␤-catenin may in part be due to the fact that IGF-IR, IRS-1, E-cadherin, and ␤-catenin exist in a membrane complex in many cell types, and this complex is disrupted by IGF-I (16, 34) , releasing stabilized ␤-catenin to signal in the nucleus. A similar finding has been seen with ErbB receptors, which synergistically interact with ␤-catenin (45). We also found that IRS-1 and IRS-2 coprecipitate with ␤-catenin and that this association was disrupted following IGF-I stimulation. Interestingly, it has recently been shown that IGF-I-mediated phosphorylation of ERK1/2 leads to binding to GSK3␤, which is subsequently phosphorylated and deactivated, allowing release and stabilization of ␤-catenin (13) . Given that we have shown both ERK1/2 and Akt activation downstream of IRSs, it is plausible that the cooperative activity of these pathways may stabilize and activate ␤-catenin in concert with the ability of IGF-I to disrupt an E-cadherin/ IGF-IR/IRS/␤-catenin complex and thus allow free stabilized ␤-catenin to signal.
Our work suggests an interaction between the IGF-IR/IRS signaling pathway and wnt/␤-catenin in transformation. Recent studies have also implicated a similar interaction. For instance, loss of PTEN has been shown to increase wnt-1-mediated tumorigenesis (28) . Furthermore, mammary specific overexpression of PTEN can partially inhibit wnt-1-induced mammary tumors, and this inhibition is via a reduction of IGF-IR levels and Akt activity (57) .
IRS-1, in addition to being observed to interact with ␤-catenin, has recently been shown to directly bind, interact, and cooperate with numerous oncogene proteins, including JCV T antigen (21) , simian virus 40 T antigen (14) , ret oncoprotein (19, 32) , and the ETV6-NTRK3 translocation oncoprotein (24) . Importantly, downregulation of IRS-1 or elimination of its tyrosine phosphorylation can impair transformation by many of these oncogene proteins (8, 9, 14, 21) . IRS-1 has also recently been shown to interact with several DNA binding proteins, including RAD51 (50), and have a nuclear function to regulate homologous recombinant DNA repair (HRR). Intriguingly, JCV T antigen can inhibit HRR via the recruitment of IRS-1 to RAD51. This inhibition of HRR is not seen in IRS-1-null cells and can be mimicked by IRS-1 containing an artificial nuclear localization sequence (40) . It is therefore possible that IRS may cause tumorigenesis via interaction with multiple collaborating oncogenes.
In summary, we show here that IRS-1 and IRS-2 are oncogene proteins in the mammary gland in vivo and that tumorigenesis induced by these oncogene proteins indicates a role for progenitor cell expansion and ␤-catenin signaling. This study further supports the concept that IRSs are critical elements in tumorigenesis and provides novel models for the development of antagonists of IRS action.
